Introduction
============

Macroscopic optical imaging is becoming an essential tool in biomedical research and drug development, owing to its advantages of high-throughput, non-invasive, non-radioactive, easy-to-operate, and cost-effective detection [@B1]-[@B4]. Most optical imaging techniques work by tracing fluorescence signals from optical probes. To obtain high-quality imaging, tremendous efforts have been spent on finding novel optical probes, made of either organic molecules [@B5], [@B6], proteins [@B7]-[@B9], or nanoparticles [@B10]-[@B14]. Much attention has been paid to materials with high quantum yields, good biocompatibility, robust chemical- and photo-stability, low toxicity, and most importantly, near-infrared (NIR) emission [@B12], [@B13], because NIR light (particularly in the 650-950 nm spectral range) has a relatively low level of tissue interference [@B5], [@B15]. Despite some progress, fluorescence imaging suffers from a suboptimal signal-to-noise (S/N) ratio and a shallow detection depth (\< 1 cm) [@B1]. These drawbacks are mainly associated with tissue autofluorescence, which is caused by the fluorescence/scattering from tissues under constant external irradiation [@B16], [@B17]. Thus, ideally, an optical probe that can illuminate without external excitation would be free of autofluorescence and hence, enable significantly improved imaging sensitivity and depth. The related research in this area, however, has been very limited. Recently Rao *et al.* coupled a miniature light source - a renilla luciferase protein - onto a quantum dot [@B3], [@B18] or a semiconductor polymer nanoparticle [@B19], so that the nanoparticle fluorophore could be illuminated by bioluminescence resonance energy transfer, or BRET. Though conceptually interesting, the applications of these BRET-based technologies in translational research are limited, with possible concerns over the challenges of making the probes, *in vivo* stability, heavy-metal induced toxicity, and dependence on the distribution of the luciferase substrate [@B16].

To address the limitations of fluorescence-based imaging, luminescent nanoparticles capable of emitting red/NIR persistent luminescence were recently used as the optical probes in bioimaging [@B17], [@B20]. Persistent luminescence, also called afterglow, is a phenomenon whereby luminescence can last for a long time, typically for time scales on the order of hours to days for bulk materials, after the stoppage of the excitation [@B21], [@B22]. Due to the small size of the imaging probes (typically \<100 nm) and the small dosage (in micro-gram level) permitted, however, the longevity of the persistent luminescence *in vivo* is short. The longest observation time for subcutaneously injected persistent luminescent nanoparticles was \~15 h [@B20], while the *in vivo* distribution of intravenously injected nanoparticles was followed in real-time for only 0.5 to 7.5 h [@B17], [@B20]. Such time spans are barely sufficient for imaging molecular targets, not to mention cell tracking, where a detection window of days or even weeks is required [@B23]. Since persistent luminescent materials are generally effective to ultraviolet (UV) excitation which has short tissue penetration and is harmful to normal tissues, it is not possible to recharge the nanoprobes using UV light once the probes are inside a living subject. Thus, limited luminescence longevity is the major obstacle to the use of persistent luminescence in bioimaging. Moreover, attempts of using persistent luminescent nanoparticles for tumor targeting only received very limited success; while luminescence signal was observed in *ex vivo* imaging of collected tumors, almost no luminescence signals could be detected in tumor areas *in vivo* after 20 min post-injection [@B17], [@B20].

We recently developed a new NIR persistent luminescent material - trivalent chromium (Cr^3+^) doped lithium gallate with a chemical formula of LiGa~5~O~8~:Cr^3+^(hereafter referred to as LGO:Cr) [@B24]. Bulk LGO:Cr exhibits a super-long NIR persistent luminescence (peaking at 716 nm) of more than 1,000 h after minutes of UV irradiation, which is the longest persistent luminescence reported to date. Remarkably, the LGO:Cr phosphor is also a superb photostimulable storage medium - the energy stored in the deep traps of the material can be liberated by photo-stimulation as intense NIR persistent luminescence signal, for multiple times (\>20 times) over a very-long period of time (\>2,000 h), by short exposure (tens of seconds) to a white light-emitting diode (LED) illumination - a new phenomenon that we referred to as photo-stimulated persistent luminescence (PSPL) [@B24]. By taking advantage of this new NIR PSPL phenomenon, in this article we report that the LGO:Cr phosphor in the form of nanoparticles can act as an ideal self-illuminating NIR optical nanoprobe that allows for *in vivo* tracking for more than 10 days when injected subcutaneously and for more than 3 days when injected intravenously. These time spans are about 1 to 3 orders of magnitude longer than that achieved in the previous persistent luminescence-based imaging. This long-term tracking capability, along with the exceptional sensitivity and deep penetration depth, breaks several of the most constraining factors of optical imaging, and is expected to open many new avenues for both biomedical research and *in vivo* clinical applications.

Materials and Methods
=====================

***Synthesis of LGO:Cr nanoparticles.*** The LGO:Cr nanoparticles were synthesized by a sol-gel method using lithium nitrate (LiNO~3~), gallium nitrate (Ga(NO~3~)~3~) and chromium nitrate (Cr(NO~3~)~3~) as precursors, followed by calcination and then wet mechanical grinding. A solution was prepared by dissolving 0.19 g LiNO~3~ (99%), 5.0 g Ga(NO~3~)~3~ (99.999%) and 1.65 mg Cr(NO~3~)~3~ (98.5%) in 44 mL methanol. The solution was stirred for several hours on a magnetic stirrer. During the stirring process, a chelating agent, 5.0 mL acetylacetone (\>99%), was added into the solution to form chelate complexes. Aqueous ammonium solution (28 vol.%) was also added to stabilize the complexes and to adjust the pH of the sol to 8.4. When a homogeneous sol was formed, the solution was heated to 90 ºC for 5 h to form dry gel. The dry gel was then calcinated in a muffle furnace at 1100 ºC for 3 h to form LGO:Cr nanoparticles with desired optical properties. Since most of the as-calcinated particles are larger than 200 nm due to sintering, to obtain small nanoparticles in large scale (gram scale) the as-calcinated particles were wet grinded using a ball milling equipment (JBM-B035, Just Nanotech Co.) in 2-propanol medium. After filtration and centrifugation, LGO:Cr nanoparticles with diameters in the range of 50-100 nm were obtained.

***Nanoparticle characterizations.***The crystal structure of the LGO:Cr nanoparticles was analyzed using a PANalytical X\'Pert PRO powder x-ray diffractometer with Cu Kα1 radiation (λ = 1.5406 Å). The morphology and size of the nanoparticles were studied using a JEOL JEM 1210 transmission electron microscope (TEM). The optical properties were measured using a Horiba FluoroLog-3 spectrofluorometer equipped with a 450 W xenon arc lamp and a R928P photomultiplier tube (250-850 nm). All spectra were corrected for the optical system responses. Appropriate optical filters were used to avoid stray light. An ATN PVS-14 Generation III night vision monocular was used to monitor the "brightness" of NIR persistent luminescence and NIR PSPL signals, as well as to take NIR images. The monitoring and imaging experiments were conducted in darkroom. Before all the spectral measurements and imaging, the samples were heat-treated in a muffle oven at 400 ºC for 20 min to completely empty the electron traps.

***Coating LGO:Cr nanoparticles with polyethylenimine (PEI).***LGO:Cr nanoparticles were dispersed in a solution of 12.5 wt.% PEI (MW: \~25000, Aldrich) and then stirred for two days. The raw PEI-LGO:Cr nanoparticles were washed with deionized water for 3 times and collected by centrifugation. The purified PEI-LGO:Cr nanoparticles were dispersed in 1× phosphate buffered saline (PBS, pH 7.4), and sterilized by UV irradiation in a laminar flow hood for 72 h.

***Viability assays.*** The cytotoxicity of the PEI-LGO:Cr nanoparticles were evaluated on three cell lines: 4T1 murine breast cancer cells, RAW264.7 murine macrophage cells, and murine embryonic stem cells (ESCs). The impacts of PEI-LGO:Cr nanoparticles on the renewal and differentiation of mouse ESCs were studied by analyzing three key biomarkers: Nanog, Nestin and Sox17. The detailed procedure for viability measurements is described in the [Supplementary Material](#SM1){ref-type="supplementary-material"}.

***Cell labeling.***Sterilized PEI-LGO:Cr nanoparticles were added into cell growth medium and incubated with cells at 37 °C for 24 h. Typically, a particle concentration of 100 μg/mL was used. For *in vitro* imaging, LGO:Cr-labeled cells were fixed with 70% ethanol at 4 ºC for 12 h. For *in vivo* imaging, UV pre-irradiated PEI-LGO:Cr nanoparticles were used, and the cell culture and inoculation were performed in the dark or in a safelight condition to avoid energy loss.

***Cell differentiation and thin-section TEM imaging.*** 4T1 cells (1.0×10^6^ cells/mL) were exposed to PEI-LGO:Cr nanoparticles (100 µg/mL) and co-incubated in cell culture flask for 2 days using RPMI-1640 medium containing 10% fetal bovine serum. The cells were then collected by treatment with trypsin. For successive culturing, the cells from the 1^st^ generation were further cultured in medium without the presence of additional PEI-LGO:Cr nanoparticles, till the 3^rd^ generation. These three generations of cells were then subjected to thin-section TEM imaging. The detailed procedure used to prepare thin-section samples is described in the [Supplementary Material](#SM1){ref-type="supplementary-material"}.

***Preparation of c(RGDyK)-conjugated LGO:Cr nanoparticles.***LGO:Cr nanoparticles were dispersed in ethanol to a concentration of 1 mg/mL. Polyvinylpyrollidone (PVP, MW = 40k, Sigma) was added into the solution, and the mixture was magnetically stirred in the dark for 48 h. The resulting PVP-LGO:Cr nanoparticles were collected via centrifugation and washed with ethanol for 3 times. The purified PVP-LGO:Cr nanoparticles were added to a human serum albumin (HSA) solution (3 mg HSA/mL), and the mixture was incubated for 4 h. HSA was adsorbed onto the surface of LGO:Cr nanoparticles, and the product was collected by centrifugation and washed with water for 3 times. For bioconjugation, the HSA-coated LGO:Cr nanoparticles were first reacted with bis(sulfosuccinimidyl) suberate (BS^3^, Thermo Scientific) in a 50 mM borate buffer solution (pH 8.0) for 30 min at room temperature. The particles were purified by centrifugation and re-dispersed in PBS (pH 7.4). c(RGDyK) was added to the solution, and the reaction was conducted at room temperature for 2 h. The products were purified by centrifugation and re-dispersed in PBS.

***Bioluminescence microscopic study*.** An Olympus LV200 bioluminescence microscope was used to take luminescence images of PEI-LGO:Cr labeled 4T1 cells and PEI-LGO:Cr labeled firefly luciferase (f-luc) 4T1 cells in both bright-field and bioluminescence modes. For PEI-LGO:Cr-labeled f-luc 4T1 cells, imaging was first performed by setting the emission filter to "open" (without the use of any emission filter). Subsequently, the cells were UV-irradiated for 5 min, and imaging was conducted again using a "Cy5.5" emission filter (HQ725/50M). All the images were processed using CellSens Dimension (Version 1.71, Olympus Corporation, Tokyo).

***Imaging on an IVIS Lumina II imaging system*.**The images were acquired in the bioluminescence mode for LGO:Cr nanoparticles and f-luc, and in the fluorescence mode for quantum dots (QDs). For NIR persistent luminescence-based imaging, LGO:Cr nanoparticles or cells/mouse organs bearing LGO:Cr nanoparticles were irradiated by a 254 nm UV lamp for 15 min. For NIR PSPL-based imaging, mice bearing LGO:Cr nanoparticles were illuminated by an Olight SR51 white LED flashlight (900 lumens) for 15 s, with the flashlight placed 6 cm above the mice. For QDs-based imaging, mice bearing QDs were irradiated by 570 nm light while imaging. All the images were processed using a Living Image software (Version 4.3.1 SP1, PerkinElmer) with "binning" set at 4 and "smooth" set at 5×5.

***Inoculation of PEI-LGO:Cr nanoparticles into mouse brain*.**Nude mice were anesthetized with 1-2% isoflurane mixed with pure oxygen via a nose cone. The head was positioned and immobilized in a stereotaxic frame, and a small opening was made in the skull and dura overlying the somatosensory cortex. About 25 µg UV pre-irradiated PEI-LGO:Cr nanoparticles were intracranially injected into the right frontal lobe at coordinates 1.5 mm lateral from the bregma, 0.5 mm anterior, and 1 mm intraparenchymal through a 10 μL Hamilton syringe.

***Cell tracking and active targeting*.**The 4T1 tumor model was established by subcutaneously inoculating 5×10^5^ 4T1 cells to the shoulder of a nude mouse. For the cell tracking study, PEI-LGO:Cr nanoparticles were UV pre-irradiated by a 254 nm UV lamp for 15 min, and then loaded into RAW264.7 cells for a 48 h incubation. \~1.0×10^6^ LGO:Cr-bearing RAW264.7 cells were intravenously injected into a 4T1 tumor bearing mouse. For the active tumor targeting study, 0.5 mg c(RGDyK)-conjugated LGO:Cr nanoparticles were irradiated by a 254 nm UV lamp for 15 min, and then intravenously injected into a 4T1 tumor bearing mouse.

***Biodistribution and histology studies*.**After the cell tracking and active targeting experiments, mice were sacrificed. Tumor and major organs including the liver, lung, spleen, kidney, heart, and brain were harvested, UV-irradiated, and then subjected to imaging on an IVIS imaging system in the bioluminescence mode. The tumors were then snap-frozen, cut into 6-8 µm thick sections, mounted on a coverslip, and fixed in acetone at room temperature for 2 h. The sections were gently washed with PBS (pH 7.4) for 3 times, irradiated by a 254 nm UV lamp for 5 min, and subjected to imaging on an Olympus LV200 microscope.

All the animal studies were performed according to a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Georgia.

Results and Discussion
======================

***Properties of LGO:Cr nanoparticles*.**The as-prepared LGO:Cr nanoparticles are single-crystalline with a cubic crystal structure (Figure S1 in the [Supplementary Material](#SM1){ref-type="supplementary-material"}), and have diameters ranging from 50 to 100 nm (Figure [1](#F1){ref-type="fig"}A). Like their bulk counterparts [@B24], the LGO:Cr nanoparticles exhibit strong NIR photoluminescence, NIR persistent luminescence, and NIR PSPL, as shown in Figures [1](#F1){ref-type="fig"}B-D, respectively. Specifically, the particles can be effectively excited by light of a broad range of wavelengths (from \~250 nm to \~660 nm) to emit an intense and narrow photoluminescence band peaking at 716 nm (Figure [1](#F1){ref-type="fig"}B), which is attributed to the spin-forbidden ^2^*E* →^4^*A*~2~ transition of Cr^3+^ ions [@B24], [@B25]. After charged with a 254 nm UV lamp for 15 min, the energy (in the form of electrons) stored in the traps (including shallow traps and deep traps [@B24]) of the nanomaterials can sustain NIR persistent luminescence for up to 100 h (Figure [1](#F1){ref-type="fig"}C and Figures S2A-C). When the persistent luminescence signal becomes very weak, owing to the emptying of the shallow traps, short illumination (e.g., 15 s) with a white LED flashlight can stimulate the release of some of the electrons in the deep traps to refill the emptied shallow traps, resulting in the rejuvenation of the persistent luminescence (Figure [1](#F1){ref-type="fig"}D), via a PSPL mechanism [@B24]. The resulting PSPL signal can last for up to 1 h, and the process can be repeated multiple times (\>10 times) over a period of several hundred hours (Figures S2D-F). The profiles of the persistent luminescence emission spectrum (inset of Figure [1](#F1){ref-type="fig"}C) and the PSPL emission spectrum (inset of Figure [1](#F1){ref-type="fig"}D) are almost identical to that of the photoluminescence spectrum (Figure [1](#F1){ref-type="fig"}B), indicating that both NIR persistent luminescence and NIR PSPL originate from the Cr^3+^ emitting centers. It should be noted that for the PSPL process to occur, the nanoparticles must be pre-irradiated by UV light; without the UV pre-irradiation, the white LED illumination does not produce NIR persistent luminescence signals (the grey curve in Figure [1](#F1){ref-type="fig"}D), because the energy of the white light is too low to photoionize the localized electrons from Cr^3+^ to the conduction band to fill the traps [@B22], [@B24]. It is also worth noting that LGO:Cr nanoparticles in aqueous solutions exhibit the same persistent luminescence and PSPL properties as they do in dry powder form, as shown in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S3.

***Viability assays*.**For biomedical imaging applications, we coated the LGO:Cr nanoparticles with a layer of polyethylenimine (PEI, MW: \~25000), a polycation polymer that is widely used in cell labeling and gene transfection because it facilitates cell internalization [@B26], [@B27]. The cytotoxicity of the resulting PEI-coated LGO:Cr (PEI-LGO:Cr) nanoparticles was studied with a panel of cell lines, including 4T1 (murine breast cancer), RAW264.7 (murine macrophage), and murine embryonic stem cells (ESCs). For all the cell lines, we observed \>80% viability in the tested concentration range (up to 100 µg/mL; [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S4), indicating a good tolerance of the cells to the particles. For ESCs, we also studied the impact of the labeling on cell renewal and differentiation by analyzing three key biomarkers, i.e., Nanog, Nestin and Sox17, and found the influence insignificant ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S5). Such good biocompatibility is not unexpected given that all the three constituting metal elements - lithium, gallium and trivalent chromium - are known to have relatively low toxicity profiles. Lithium is regarded as an essential nutrient for the human body [@B28], a trace amount of trivalent chromium in diet has no adverse effect to human health [@B29], and gallium-based probes, for instance gallium-67 citrate, were once widely used for cancer diagnosis and staging in the clinic [@B30].

***Cell labeling and individual cell imaging*.**For all the studied cell lines, incubation with PEI-LGO:Cr nanoparticles overnight results in good internalization and thus good labeling efficiency. Figure [2](#F2){ref-type="fig"}A is a thin-section TEM image of a single 4T1 cell labeled with PEI-LGO:Cr nanoparticles. Many nanoparticles were accumulated in the cell endosomes/lysosomes, suggesting that the particle uptake was mainly mediated by endocytosis. These nanoparticles remained stable in endosomes/lysosomes and were able to be carried over to the daughter cells ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S6). The acidic lysosomal environment has no detectable impact on the particles\' morphology and, as the long-duration *in vivo* tracking experiments demonstrated below, the particles\' NIR performance.

The labeling efficiency of PEI-LGO:Cr nanoparticles to 4T1 cells (fixed) was also studied using an Olympus LV200 bioluminescence microscope, which takes images based on glow-in-the-dark signals. After pre-charged with a 254 nm UV lamp for 5 min, almost all the cells were clearly visualized (Figure [2](#F2){ref-type="fig"}B-D) owing to good cell labeling efficiency and complete elimination of the background noise in the imaging system. The cells remained detectable for more than 30 min ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S7). To our best knowledge, this is the first case of cell imaging based on persistent luminescence signals.

Owing to the narrow emission band in the NIR, the LGO:Cr nanoparticles can work along with visible bioluminescence probes, like firefly luciferase (f-luc), for multiplexed imaging. To test this, we labeled 4T1 cells that stably express f-luc (f-luc-4T1) with LGO:Cr nanoparticles, and imaged the dually-labeled cells on a LV200 microscope. To differentiate the LGO:Cr nanoparticles\' NIR persistent luminescence (\~650-850 nm peaking at 716 nm) from the f-luc\'s visible bioluminescence (\~460-670 nm peaking at 557 nm at room temperature) [@B31], a Cy5.5 filter was used when collecting the NIR signals (only 698-752 nm light can pass the filter). Indeed, luminescence from both sources was clearly visualized, as the images shown in Figures [2](#F2){ref-type="fig"}E and [2](#F2){ref-type="fig"}F. While overlaps were observed across the scope, discrepancies were also found in many cells, suggesting good discrimination of the two signals (Figures [2](#F2){ref-type="fig"}G and [2](#F2){ref-type="fig"}H). Notably, the intensity of the NIR persistent luminescence from LGO:Cr nanoparticles is comparable to that of the bioluminescence from f-luc; the latter is the most sensitive optical method for cell tracking utilized to date [@B31], [@B32].

***Detection sensitivity and detection depth*.**The good sensitivity of the LGO:Cr nanoparticles-based imaging was further revealed through *in vivo* studies. We subcutaneously implanted elevated numbers (\~5, 50, 100, 500 and 1,000) of PEI-LGO:Cr nanoparticles-labeled RAW264.7 cells onto the back of a nude mouse and subjected the animal to imaging on an IVIS Lumina II imaging system in the "bioluminescence" mode, as shown in Figure [3](#F3){ref-type="fig"}A. As few as \~5 cells can be clearly visualized. This sensitivity is comparable to f-luc-based cell tracking [@B32], but several orders of magnitude higher than that of QDs [@B33] and organic dyes [@B34]. The advantage of such a high sensitivity was clearly manifested in a comparison study, where the same amount (32 μg) of LGO:Cr nanoparticles and QDs (emission at 705 nm) were respectively inoculated onto the backs of two nude mice (Figures [3](#F3){ref-type="fig"}B and [3](#F3){ref-type="fig"}D). Despite a much lower number of photons generated, in dorsal view the S/N ratio with LGO:Cr (in the "bioluminescence" mode) was significantly higher than that with QDs (in the "fluorescence" mode) (Figure [3](#F3){ref-type="fig"}F). This is attributed to the elimination of external excitation and along with it, the autofluorescence, in LGO:Cr nanoparticles-based imaging. The benefit of the elimination of autofluorescence became overwhelmingly significant when the mice were viewed in the ventral position. While the persistent luminescence signal from LGO:Cr nanoparticles was able to be clearly visualized through the animal body (Figure [3](#F3){ref-type="fig"}C), the fluorescence signal from QDs was submerged by the overwhelming autofluorescence signals and could barely be distinguished by the IVIS imaging system (Figure [3](#F3){ref-type="fig"}E).

The ventral view image in Figure [3](#F3){ref-type="fig"}C evidently reveals the exceptional tissue penetration depth of the LGO:Cr nanoparticles-based imaging, and such deep penetration has seldom been achieved optically [@B1], [@B5], [@B15]. In addition to a clean background, the deep penetration is also credited to the luminescence in the NIR spectral region, where the tissues are relatively transparent [@B5], [@B15]. This great tissue penetration is further evidenced in a comparison between LGO:Cr nanoparticles and f-luc under the same excitation-free, bioluminescence imaging mode, as shown in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S8. Briefly, we subcutaneously implanted the same amount of LGO:Cr nanoparticles and f-luc dually-labeled 4T1 cells (\~1×10^6^ cells) onto the backs of the hind limbs of two nude mice. In dorsal view, the intensities of the f-luc\'s visible bioluminescence (peaking at 612 nm at 37 ºC) and the LGO:Cr nanoparticles\' NIR persistent luminescence are comparable. In ventral view, however, the intensity of LGO:Cr persistent luminescence is about an order of magnitude higher than that of f-luc bioluminescence, showing greater transmission of the NIR light than the visible light through tissues. The penetrating power of the NIR light was also investigated in a phantom study using pork as a model tissue. When 15 μg UV pre-irradiated LGO:Cr nanoparticles were injected into 2.5 cm depth inside the pork (thickness of the pork, \~5 cm), the NIR persistent luminescence signals from the LGO:Cr nanoparticles can be readily detected by an IVIS imaging system (Figure [3](#F3){ref-type="fig"}G) and the signals remained detectable for more than 30 min ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S9A-D). This penetration depth is greater than that afforded by fluorescence imaging (\< 1 cm) and bioluminescence imaging (\< 2 cm) [@B1].

***Longitudinal monitoring based on LGO:Cr nanoparticles\' PSPL property*.**As aforementioned, a major restriction of current persistent luminescence-based imaging is its short observation window (up to 15 h for subcutaneous injection and up to 7.5 h for intravenous injection) [@B17], [@B20], which needs to be significantly increased in order to meet the demand of longitudinal imaging such as cell tracking which often needs a window of days or even weeks [@B23]. This longitudinal tracking demand can be perfectly satisfied by utilizing the LGO:Cr nanoparticles\' unique PSPL property. For LGO:Cr nanoparticles-bearing 4T1 cells (\~2.5×10^7^ cells) subcutaneously implanted into a mouse, the initial NIR persistent luminescence signals remained detectable for more than 4 h (Figure [4](#F4){ref-type="fig"}A). When the dimming animal was illuminated with a white LED flashlight (Olight SR51, 900 lumens) for 15 s, the NIR emission from the LGO:Cr nanoparticles *in vivo* was immediately recovered (Figure [4](#F4){ref-type="fig"}B), and the resulting PSPL signals remained detectable for \~30 min. Such a PSPL process can be repeated more than 20 times before depleting the energy stored in the deep traps of the LGO:Cr nanoparticles. This extends the tracking window from several hours to more than 10 days. Although the PSPL intensity dropped as the number of stimulations increased (Figure [4](#F4){ref-type="fig"}B), the PSPL signals remained detectable even on day 10, at which time a still high S/N ratio of 24.6 was obtained. Note that an even longer tracking window, e.g., one month, is expected if a less frequent stimulation scheme is adopted [@B24]. More significantly, owing to the high power of the Olight SR51 flashlight, the white LED illumination can not only stimulate LGO:Cr nanoparticles located superficially but also those positioned deep beneath the skin. This was proven in a separate study where \~25 μg UV pre-irradiated PEI-LGO:Cr nanoparticles were implanted into the brain of a mouse. As expected, strong and repeated PSPL signals were observed upon white LED stimulations, as shown in Figure [5](#F5){ref-type="fig"} and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S10. The effectiveness of white LED stimulation was further demonstrated using a pork model; PSPL signals from 15 μg LGO:Cr nanoparticles located at 2.5 cm deep can be readily elicited by short-time white light illumination, as shown in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S9E.

***Cell tracking and active tumor targeting*.** The results in Figure [4](#F4){ref-type="fig"} and Figure [5](#F5){ref-type="fig"} clearly shows that a white LED flashlight can act as an external remote control to repeatedly recover the NIR signals from the UV pre-irradiated LGO:Cr nanoparticles *in vivo*. This capability is important for long-term cell tracking because tagged cells migrating to lesions need to be conveniently elicited to emit detectable luminescence signals. We performed a proof-of-concept cell tracking study by intravenously injecting PEI-LGO:Cr nanoparticles bearing RAW264.7 cells into 4T1 tumor models (n = 3), and monitoring the cell migration for 3 days on an IVIS imaging system in the bioluminescence mode, as shown in Figure [6](#F6){ref-type="fig"}A-C. Before the injection, UV pre-irradiated PEI-LGO:Cr nanoparticles were incubated with RAW264.7 cells in the dark for 48 h. Since the particles had already experienced 48 h decay before the injection, the initial NIR persistent luminescence signal *in vivo* was too low to be detected by the IVIS system (top image in Figure [6](#F6){ref-type="fig"}A). However, intense NIR PSPL signals can be elicited by short-time (15 s) white LED stimulation. Imaging at 30 min (bottom image in Figure [6](#F6){ref-type="fig"}A) revealed NIR PSPL signals throughout the mouse body. At 72 h however, intense signals were found in the tumor area (bottom image in Figure [6](#F6){ref-type="fig"}C). Such a tropism is expected because macrophages are an important player in tumor proliferation and angiogenesis, and are heavily recruited to tumor sites [@B35], as was observed in previous reports by us [@B36] and others [@B37]. The cell tracking window of 72 h is about 1-2 orders of magnitude longer than that obtained in previous observations (0.5-7.5 h) [@B17], [@B20]. After the 72 h imaging, the animals were sacrificed. The tumors as well as major organs, including the liver, lung, spleen, kidney, heart and brain, were collected, UV-irradiated, and then subjected to *ex vivo* imaging study on an IVIS imaging system. Consistent with the *in vivo* results, the strongest NIR persistent luminescence signals were found in the tumors ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S11). The tumors were also fixed, sectioned, and examined on a LV200 bioluminescence microscope. The microscopy study showed inhomogeneous but strong persistent luminescence in the tumors ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S12).

Besides cell tracking, we also used LGO:Cr nanoparticles as tags of targeting molecules for cancer imaging. For this purpose, the LGO:Cr nanoparticles were first modified using polyvinylpyrrolidone (PVP) and human serum albumin (HSA), and then conjugated with c(RGDyK). c(RGDyK) is a small peptide with high affinity toward integrin α~v~β~3~, a tumor biomarker overexpressed on tumor vasculature and tumor cells of various types [@B38], [@B39]. Figures [6](#F6){ref-type="fig"}D and [6](#F6){ref-type="fig"}E show a tumor targeting study where c(RGDyK)-conjugated LGO:Cr nanoparticles were intravenously injected into 4T1 tumor bearing mice (n = 3). Good accumulation of the nanoparticles in the tumors was observed (bottom images in Figures [6](#F6){ref-type="fig"}D and [6](#F6){ref-type="fig"}E). The *in vivo* observation was consistent with the *ex vivo* imaging study, which showed strong NIR persistent luminescence signals in the tumors ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S13).

Conclusions
===========

We have developed a novel type of optical nanoprobes, photostimulable LGO:Cr NIR persistent luminescent nanoparticles, which allows for ultrasensitive (\~5 cells), deep-tissue, and long-term tracking (\>3 days) of cells and molecule objects*in vivo*. This LGO:Cr nanoparticles-based imaging technique can be conveniently used on popular imaging systems such as the IVIS series to improve the quality and capacity of optical imaging, and holds the following promising prospects. Firstly, for cell tracking, LGO:Cr nanoparticles offer sensitivity and penetration depths that are comparable or superior to bioluminescence imaging, which is the most sensitive optical imaging method to date. Unlike bioluminescence-based cell tracking that requires tedious and sometimes challenging transfection to label cells as well as repeated injection of enzyme substrates, cell labeling with LGO:Cr nanoparticles demands no more than simple incubation. In addition, LGO:Cr nanoparticles-labeled cells can be examined histologically, an option that is not possible with bioluminescence-based cell tracking because luciferase proteins cannot survive the process of tissue fixation. Secondly, the LGO:Cr nanoparticles-based imaging allows one to "see" through a mouse body. This capacity is not possible with conventional fluorescence imaging, and the underlying impact of this advance can be tremendous. Thirdly, our results suggest great promise of LGO:Cr nanoparticles in cell assays such as flow cytometry and immunostaining. The advantages, aside from a clean background, also include the exceptional photo- and chemical-stability of LGO:Cr nanoparticles.
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:   transmission electron microscope

UV

:   ultraviolet.

![Morphology and luminescence properties of LGO:Cr nanoparticles. (A) TEM image of LGO:Cr nanoparticles. (B) Normalized excitation and emission spectra of LGO:Cr nanoparticles at room temperature. The excitation spectrum was obtained by monitoring at 716 nm emission. (C) NIR persistent luminescence decay curve of LGO:Cr nanoparticles monitored at 716 nm after irradiation by a 254 nm UV lamp for 15 min. The bottom curve is the background. The inset is the persistent luminescence emission spectrum recorded at 10 s after the UV irradiation. (D) PSPL decay curves monitored at 716 nm emission after stimulation by a white LED flashlight for 15 s. The red solid curve was acquired on a 24 h decayed sample (pre-irradiated by a 254 nm UV lamp for 15 min), while the grey dash line curve was recorded on a bleached sample (without UV pre-irradiation). The inset is the PSPL emission spectrum of the 24 h decayed sample, which was recorded at 10 s after the stimulation.](thnov04p1112g001){#F1}

![TEM and luminescence microscopic studies of PEI-LGO:Cr nanoparticles-labeled 4T1 cells. (A) Thin-section TEM image of a 4T1 cell labeled with PEI-LGO:Cr nanoparticles. The nanoparticles were accumulated in cell endosomes/lysosomes. Scale bar, 2 μm. (B) Bright-field image of PEI-LGO:Cr labeled 4T1 cells (fixed). Scale bar, 100 μm. (C) NIR persistent luminescence image of the cells in (B) after irradiation by a 254 nm UV lamp for 5 min. The image was acquired 20 s after the irradiation. (D) Merged image of (B) and (C). (E) Bioluminescence image of PEI-LGO:Cr-labeled f-luc-4T1 cells. The cells were incubated with D-luciferin (150 µg/mL) 10 min before the imaging. The image was taken by setting the emission filter as "open". The signals were from f-luc. Scale bar, 100 μm. (F) NIR persistent luminescence image of the cells in (E) after irradiation by a 254 nm UV lamp for 5 min. A Cy5.5 emission filter was used. (G) Merged image of (E) and (F). (H) Merged image of (G) and the corresponding bright-field image (not shown individually here). The images in (B), (C), (E), and (F) were taken on an Olympus LV200 bioluminescence microscope. The exposure time in (C), (E) and (F) is 1 min.](thnov04p1112g002){#F2}

![Detection sensitivity and detection depth of LGO:Cr nanoparticles-based imaging. (A) Detection sensitivity of PEI-LGO:Cr-based cell labeling. Elevated numbers (\~5, 50, 100, 500, and 1,000) of PEI-LGO:Cr labeled RAW264.7 cells were subcutaneously injected onto the back of a nude mouse. The cells were fixed and irradiated by a 254 nm UV lamp for 5 min before the injection. (B,C) Dorsal and ventral views, respectively, of a nude mouse subcutaneously implanted with 32 µg UV pre-irradiated PEI-LGO:Cr nanoparticles. (D,E) Dorsal and ventral views, respectively, of a nude mouse subcutaneously implanted with 32 µg QDs (emission at 705 nm). The QDs were excited by 570 nm light while imaging. (F) S/N ratios in (B) and (D). (G) Detection depth study using pork as a model tissue. 15 μg UV pre-irradiated LGO:Cr nanoparticles were injected into 2.5 cm depth inside the pork, and the image was taken at 10 min after the injection. The images were taken on an IVIS imaging system in the bioluminescence mode for LGO:Cr nanoparticles and in the fluorescence mode for QDs. The exposure time is 5 min in (A), 2 min in (B), (C) and (G), and 1 s in (D) and (E).](thnov04p1112g003){#F3}

![Acquisition of NIR persistent luminescence and NIR PSPL signals from PEI-LGO:Cr nanoparticles-labeled 4T1 cells that were subcutaneously injected onto the back of a nude mouse. Before the injection, the labeled 4T1 cells (\~2.5×10^7^ cells; fixed) were irradiated by a 254 nm UV lamp for 15 min. (Row A) NIR persistent luminescence images taken within 4 h after the injection. The intensity of the NIR signals decreased gradually over the time. From 4 h to 11 h, the mouse was exposed every 30 min to a white LED flashlight (for 15 s) for a total of 15 times to elicit NIR PSPL signals. From 72 h to 240 h, the mouse was irradiated daily by the LED flashlight (for 15 s) for an additional 8 times. (Row B) Images of NIR PSPL taken immediately (\~10 s delay) after 1, 15, 16, 18, and 23 times of LED stimulation. The number at the upper left corner of each image in (Row B) indicates the stimulation times. The time at the upper right corner of each image indicates the time after the cell injection. All images were acquired on an IVIS imaging system in the bioluminescence mode with an exposure time of 2 min.](thnov04p1112g004){#F4}

![Stimulation and acquisition of NIR PSPL signals from PEI-LGO:Cr nanoparticles inoculated into the brain of a nude mouse. The PEI-LGO:Cr nanoparticles (\~25 μg) were irradiated by a 254 nm UV lamp for 15 min before the inoculation. At the 6 h (A), 72 h (B), and 120 h (C) time points, the mouse head was illuminated by a white LED flashlight for 15 s, and then imaged (1 min delay) on an IVIS imaging system in the bioluminescence mode with an exposure time of 2 min.](thnov04p1112g005){#F5}

![*In vivo* cell tracking and active tumor targeting with LGO:Cr nanoparticles. (A-C) Tracking the migration of PEI-LGO:Cr nanoparticles-labeled RAW264.7 cells in subcutaneous 4T1 tumor model. The PEI-LGO:Cr nanoparticles were UV pre-irradiated by a 254 nm UV lamp for 15 min, and then loaded into RAW264.7 cells for a 48 h incubation. The labeled RAW264.7 cells (\~1.0×10^6^ cells) were intravenously injected. Whole body luminescence images were acquired before and after illuminating the mouse by a white LED flashlight (for 15 s) at (A) 30 min, (B) 24 h, and (C) 72 h after the cell injection. (D,E) Active tumor targeting with c(RGDyK)-conjugated LGO:Cr nanoparticles in subcutaneous 4T1 tumor model. The c(RGDyK)-LGO:Cr nanoparticles were irradiated by a 254 nm UV lamp for 15 min before the intravenous injection. Luminescence images were acquired before and after illuminating the mouse by a LED flashlight (for 15 s) at (D) 6 h and (E) 24 h after the cell injection. The tumor sites are indicated by pink circles. All images were acquired on an IVIS imaging system in the bioluminescence mode with an exposure time of 3 min.](thnov04p1112g006){#F6}
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